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(57) ABSTRACT

A method of providing data files includes compressing the
files using a cross-iile compression technique. The technique
makes use of ancillary files that are stored along with the
data files. The ancillary files include lookup tables and
indexes. A lookup table for a data file indicates the position
of the last occurrence of individual data values within the
data file. Each displacement index for a data file indicates
displacements from respective data elements to prior strings
of a particular match length that match strings of the
particular match length begun by the respective data ele-
ments. Indexes corresponding to different match lengths are
provided. In response to client requests for subsets of
available data files, a server compresses each subset of data
files using a pattern-matching compression scheme that
attempts to represent given strings by referencing prior
matching strings across file boundaries. To find a prior
matching string for a string begun by a current data element
in a current data file, the server finds a previous matching
string 1n the current data file by referencing the displacement
indexes associated with the current data file, and then
scarches for a larger matching string in previous data files by
referencing the lookup tables and displacement indexes
associated with the previous data files.
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CROSS-FILE PATTERN-MATCHING
COMPRESSION

TECHNICAL FIELD

This 1nvention relates to systems and methods for com-

pressing different groups of files 1n response to variable
requests by clients for such groups of files.

BACKGROUND OF THE INVENTION

Although the amount of available digital information has
mushroomed 1n recent years, limited data storage capacities
and data communications bandwidths sometimes threaten
the practicality of distributing this information. To deal with

storage and bandwidth limitations, the use of data compres-
sion has become almost universal.

Various data compression techniques are available, two of
the more popular being known as “zip” and “gzip”. Both of
these compression techniques utilize some form of pattern
matching compression, in which a string beginning at a
current data element 1s represented by referencing a
previous, 1dentical string. A well-known example of pattern
matching compression (variations of which are used within
both zip and gzip) is referred to as “LZ77".

Pattern matching compression involves sequentially
examining data elements (also referred to herein as
characters) and strings of data elements from a data input
stream, and noting any strings that are repetitions of previ-
ously encountered identical strings. When the algorithm
encounters an occurring string that matches a previously
encountered string, the algorithm records two values in
place of the occurring string: a length value and a displace-
ment or distance value. The length value 1indicates the length
of the matching strings. The displacement value indicates
the number of elements back in the iput stream to the
previously occurring and matching string.

When the algorithm encounters a data element that cannot
be matched to a previously encountered string, the algorithm
records the value of the element itself. Such an element 1is
referred to as a “literal” or “literal element.”

Typically, the compressed data stream comprises literals
with 1nterspersed length/displacement pairs. A length ele-
ment 1s always followed by a displacement element 1n the
compressed data string.

In implementing a compression engine for pattern match-
ing compression, 1t 1s usually desired to avoid repeated
exhaustive searches of prior data elements. Instead, there 1s
usually some way to record the locations of different strings
as they are encountered, to ease the job of finding such
strings when processing subsequent characters and strings.
In many implementations, one or more lookup tables or hash
tables are created and updated as the compression proceeds.
A hash table contains a plurality of entries, each pointing to
a linked list of previous input stream locations. As the
algorithm advances through an input stream, 1t references
the hash table and the linked lists to find previous matching
strings, and also updates the table and lists to account for
newly encountered data.

As an example, suppose a hash table such as this 1s
indexed by three characters, and that the compression algo-
rithm i1s attempting to match the string “bdeefis . . .”
Referencmg the hash table yields a linked list that leads to
all previous strings that begin with the three characters
“bde”. The algorithm performs a string compare at locations
of all such previous strings, to determine which yields the
longest matching string.
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As an 1improvement to this scheme, multiple hash tables
are sometimes maintained, corresponding to different match
lengths. For example, one hash table might be indexed with
three characters, while another 1s indexed with four. In this
case, the hash table and linked lists with the largest number
of index characters are referenced first. Tables and lists with
smaller numbers of index characters are referenced only it

needed.

The preceding discussion 1s somewhat simplified, but 1s
sufficient for understanding the characteristics of pattern
matching compression that are pertinent to the invention.
Further details regarding compression techniques can be
found in M. Nelson & J. Gailly, The Data Compression
Book, (2d ed. 1996), which is hereby incorporated by
reference. In addition, specifications for the gzip and zip
compression techniques can be found 1n Internet RFCs 1951
and 1952, which are also incorporated by reference.

The scheme described above works well for individual
files. Groups of files can also be compressed by concatenat-
ing them so that matches can be found across file bound-
aries. This 1s referred to as “cross-file” pattern matching
compression. Especially for short files, cross-file compres-
sion 1s much more efficient than independently compressing
individual files—the longer iput stream makes 1t more
likely that matches will be found among the earlier data
clements.

In a server environment, or any other environment where
files are to be distributed through limited-bandwidth distri-
bution channels, 1t 1s generally desired to store {files 1n their
compressed formats. This avoids the need for the server to
recompress the files every time they are transmitted. If
groups ol files are to be transmitted, they can be
concatenated, compressed using cross-iile compression, and
stored 1n their concatenated and compressed state.

In many situations, however, 1t 1s not possible to predict
which combinations of files will be requested from a server.
In these situations, the files must be compressed and stored
individually—thus forgoing the advantages of cross-file
compression. Alternatively, the files can be stored
uncompressed, and then concatenated and compressed
(using cross-file compression) in response to client requests.
However, this places a tremendous load on the server, since
cach request requires fresh compression efl

Orts.
SUMMARY OF THE INVENTION

The 1invention makes use of ancillary files that are stored
along with data files. The ancillary files contain prepro-
cessed data relating to characters, strings, and string matches
within the individual files.

More specifically, a lookup table i1s created and stored
along with each data file. The lookup table indicates the
position 1n the data file of the last occurrence of each
different data value.

In addition, a plurality of displacement indexes are cre-
ated and stored along with each data file. Each index
corresponds to a specilic match length, and has entries
corresponding respectively to different characters of the data
file. For each character, an imndex indicates a displacement
back to a previous matching string of the given match

length.

In response to a request for a speciiic set of files, a server
performs cross-iile, pattern-matching compression, taking
advantage of the data provided in the ancillary files. To find
a match for a string beginning with a given character
(referred to as the current element or character), the server
first utilizes the indexes associated with the current data file




US 6,226,628 Bl

3

to find the largest match within the same file. The server then
references the ancillary files associated with previous data

files 1n order to find any larger matching strings in those data
files.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing a client/server system
in accordance with the invention.

FIG. 2 1s a block diagram showing pertinent components
of a server 1n accordance with the mvention.

FIG. 3 1s a table showing an example of a data string,
along with an indicate of the absolute positions of each
clement of the data string.

FIG. 4 1s a table showing an example of a lookup table in
accordance with the invention.

FIG. 5 1s a table showing an example of an index in

accordance with the invention, along with the data string of
FIG. 3.

FIG. 6 1s a table showing an example of a plurality of

indexes 1n accordance with the invention, along with the
data string of FIG. 3.

FIG. 7 1s a flowchart showing general pattern-matching
steps 1n accordance with the ivention.

FIGS. 8 and 9 are flowcharts showing more specific
pattern-matching steps 1n accordance with the mvention.

DETAILED DESCRIPTION

This invention pertains generally to a server system that
receives client requests for multiple files or data objects. The
server has access to a great number of such files, and
individual clients can request different subsets of the files.
Before transmitting requested files, the server compresses
the files using a pattern matching technique. The files are
concatenated before compression to obtain the benefits of
cross-file compression. To lessen the work required when
files are requested, the individual files are pre-processed.
The pre-processing results 1n ancillary files that are stored
along with the data files, giving information that speeds
subsequent compression.

General Architecture

FIG. 1 shows a network f{ile distribution system 10
comprising a server computer 12 and a plurality of client
computers 14. The different computers communicate
through a network communications medium. In this case,
the server 1s an Internet WWW (World-Wide Web) server,
and communicates with the client computers over the public
Internet. However, other types of networks and communi-
cations media can also be employed.

The server computer has access to a data resource 18
containing a plurality of individual data files 20. In this
disclosure, the term “file” 1s used to indicate a discrete
collection of data which 1s available individually to a client

computer. Each client computer can request a variable subset
of files 20.

FIG. 2 shows an example implementation of a server
computer 12. In the described embodiment, the invention 1s
implemented at least mm part with computer-executable
instructions, such as program modules, that are executed by
server computer 12. Generally, program modules 1nclude
routines, programs, objects, components, data structures,
ctc. that perform particular tasks or implement particular
abstract data types.

Server computer 12 includes a microprocessor or other
processing unit 21, a system memory 22, and a system bus
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23 that couples various system components including the
system memory to the processing unit 21. The system bus 23
may be any of several types of bus structures including a
memory bus or memory controller, a peripheral bus, and a
local bus using any of a variety of bus architectures. The
system memory includes read only memory (ROM) 24 and
random access memory (RAM) 25. A basic input/output
system 26 (BIOS), containing the basic routines that help to
transfer information between elements within computer 12,
such as during start-up, 1s stored in ROM 24.

Computer 12 includes a hard disk drive 27 for reading
from and writing to a hard disk, a magnetic disk drive 28 for
reading from or writing to a removable magnetic disk 29,
and an optical disk drive 30 for reading from or writing to
a removable optical disk 31 such as a CD ROM or other
optical media. The hard disk drive 27, magnetic disk drive
28, and optical disk drive 30 are connected to the system bus
23 by a hard disk drive interface 32, a magnetic disk drive
interface 33, and an optical drive mnterface 34, respectively.
Other configurations might include different types of
computer-readable data media.

A number of program modules may be stored on the hard
disk, magnetic disk 29 optical disk 31, ROM 24, or RAM 23,
including an operating system 35, one or more application
programs 36, other program modules 37, and program data
38. Microprocessor 21 1s programmed by means of such
components, which are stored at different times in the
different types of available computer-readable storage media
(for purposes of illustration, the program components are
shown in RAM in FIG. 1). The invention described herein
includes these various types of computer-readable storage
media when such media contain instructions or programs for
implementing the described steps 1n conjunction with a
microprocessor or other data processor. The mvention also
includes the system or server computer itself when pro-
crammed according to the methods and techniques
described below. Furthermore, the invention includes data
structures, as described below, that are stored on the
computer-readable storage media associated with server
computer 12.

A user may enter commands and information into the
server computer 12 through mput devices such as a keypad
or keyboard 40 and/or a poimnting device 42. Other 1nput
devices (not shown) may include a microphone, joystick,
game pad, or the like. The mput devices can be connected to
the processing unit 21 through a serial port interface 46 that
1s coupled to the system bus, but may be connected by other

interfaces, such as a parallel port, game port, or a universal
serial bus (USB).

A CRT 47 or other type of display device 1s also connected
to the system bus 23 via an interface, such as a video adapter
48. In addition to the monitor, the computer might include
other peripheral output devices that are not shown, such as
speakers.

The server computer 12 has a network 1nterface or adapter
50, a modem 52, or other means for establishing commu-
nications over Internet 54 or some other computer network.

Pre-Compression

Data files 20 are stored and provided by server 12. Each
of data files 20 contains a plurality of ordered data elements
or characters. Each respective data element begins one or
more strings of different lengths. A string 1s an ordered
sequence of one or more characters such as “abcdefeg”. The

clement “b” in this example string begins six different
strings: “b”, “bc”, “bed”, “bede”, “bedefl”, and “bedefg”.

As mentioned above, ancillary files are associated with
data files. Such files are indicated generally in FIG. 1 by
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reference numeral 19. The ancillary files 1nclude lookup
tables and indexes. Generally, a lookup table associated with
a particular data file has data that allows server computer 12
to find the last occurrence of a particular data element or data
clement string 1n the data file. An index indicates, for each
respective data element of a data file, the location of the most
recent string of a particular length that matches a string
begun by the data element. Although lookup and index data
structures are shown as discrete files, they can be combined.
Furthermore, the ancillary files associated with a particular

data file can be combined into a single file structure with the
data file itself.

In one embodiment of the invention, each data file 1s
assoclated with a to single lookup table and a plurality of
indexes. In this case, the lookup table has an entry for each
possible data element value, indicating the last occurrence of
cach data element value 1n the associated data file. The

position of the data element 1s preferably indicated as an
oifset from the end of the data file.

FIG. 3 shows an example of an ordered string or sequence
of characters contained by a data file 20. The string 1s shown
in the first row of the table. The second row indicates the
absolute positions of the characters 1n the data file, solely for

discussion purposes. The position numbers are not part of
the data file.

FIG. 4 shows an example of a lookup table corresponding,
to the string shown 1n FIG. 3. The table 1s indexed by the first
row. For any given character 1n the available character set
(which has been limited here to A through F for purposes of
discussion), the table indicates the absolute position of the

last occurrence of that value in the string of FIG. 3.

In an alternative embodiment, there might be several
lookup tables associated with a data file. Each of these
lookup tables corresponds to a particular string length, and
indicates potential last occurrences of different strings of
that string length 1n the data file. For example, one lookup
table might indicate the last occurrence of different data
clement values, while another lookup table indicates the last
occurrence of different strings having a length of two
clements. As a further alternative, some of such lookup
tables, especially any used for matching previous strings of
two or more elements, might be hash tables.

In the embodiment described herein, the indexes are
displacement indexes. Each displacement index corresponds
to a particular match length and indicates the displacement
from a respective data element to a prior string that matches
a string of the match length begun by the data element.

FIG. 5 shows the characters of a data file 20 as illustrated
in FIG. 3, and additionally illustrates a displacement index
for a match length of three. The index 1s structured in a way
such that each displacement value corresponds to a particu-
lar one of the data elements of the data file. In this
illustration, the displacement value corresponding to a par-
ticular character 1s aligned directly below that character.
Thus, the first “8” value 1n the index corresponds to the “A”
data element directly above, and indicates that a matching
string of length 3 (“ABC”) is located eight elements back in
the data. A blank or null value beneath a character means that
there 1s no preceding string of the required match length that
matches the string begun by the character.

A plurality of such indexes are provided and stored for
cach data file. FIG. 6 indicates the indexes corresponding to
match lengths of 1 through 6, continuing the example given
above. For the sake of brevity, each index will be referred to
as “mndex x,” where x 1s the match length of the index.
Generally, 1t 1s desirable to provide at least four displace-
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6

ment indexes, for match lengths of one through four.
However, it 1s also desirable to limit the number of indexes
to no more than ten. There are diminishing returns as the
number of indexes increases.

The lookup tables and indexes allow a pattern matching
compression algorithm to quickly find previous matching
strings. For example, suppose one 1s attempting to find a
match for the string beginning at position 8 (“ABCDABCFA
... 7). All that 1s required is to examine the index entries
corresponding to position 8, starting with index 6. The
entries 1n 1ndexes 5 and 6 are blank, and thus the highest
match length turns out to be 4. The appropriate entry in
index 4 indicates a matching string at a rearward displace-
ment of 8, at the absolute position of 0 (8 minus 8).

In some cases, slightly more effort 1s required.
Particularly, more effort is required when a match 1s indi-
cated by the index having the highest match length (6 in the
example of FIG. 6). In this case, it 1s desirable to link
backward through the file, using the index, and perform a

string compare at each location to find the largest matching
string. This method reveals any previous matching strings
having a match length greater than 6.

The lookup tables and indexes are stored with the data
files for use during later compression activities.

Cross-File Compression

Server 12 1s configured to provide different subsets of the
available data files to clients in response to requests from
such clients for such subsets. When a client requests a
particular subset of the files available from server 12, the
server references the lookup tables and indexes associated
with the data files of the requested subset to compress the
subset of files across file boundaries before providing them
to the requesting client. The server uses a pattern-matching
compression scheme that attempts to represent given strings
by referencing prior matching strings, across file boundaries.

The process of finding matching strings 1s performed by
referencing the lookup tables and indexes associated with
the requested files. The server sequentially examines data
clements of each file. To find a previous matching string in
the same {ile, the server references the displacement indexes
assoclated with that data file. The server then searches for a
largcer matching string 1n previous files of the requested
subset of files by referencing the displacement indexes
associated with those files.

FIG. 7 shows the general steps involved in finding the
largest previous matching string 1n the combined data of the
current file and any previous files. In this discussion, 1t 1s
assumed that there 1s a plurality of files that will be com-
pressed as a group. The server progresses through the data
elements of the files in order. The current data file (the one
containing the data element being examined) is referenced
as “file D.” A particular data element is referenced as D(n),
where n 1s the absolute position of the data element 1n file D.

In FIG. 7, a first step 202 comprises searching previous
data elements in the current file (file D) for the largest string
that matches the current string. The “current string” 1s a
string, having an indefinite length, that starts at or 1s begun
by the current data element. The current data element 1s the
one that 1s currently being examined. As will be explained
in more detail below, this step 1s performed by referencing
the 1ndexes associated with the current file.

After finding the largest matching string in the current
data file, the server performs a step 204 of searching data
elements in previous files (referred to as files P) for the
largest string matching the current string. This step utilizes
the lookup tables and indexes associated with the previous
files. Again, this step will be described 1n more detail below.
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Step 206 comprises a compressed output string that
reflects the results of the searches conducted 1n steps 202 and
204, including the displacement and length of the largest
previous string, 1f one was found.

As 1ndicated by decision block 208, steps 202, 204, and

206 are repeated until there are no more data elements for
processing. After each iteration, a step 209 1s performed of
incrementing n by the length of the most recently found
matching string.

FIG. 8 shows step 202 in more detail. The steps of FIG.
8 find the largest previous string 1n current file D that
matches a string begun by the current data element D(n). The
nomenclature Index(b,c) is used to indicate the index entry

in mdex b that corresponds to the character at absolute
location c.

An 1nitial step 210 comprises iitializing variables. A
variable MLength 1s 1nitialized to MAX, where MAX 1s the
highest match length for which an index is provided (six in
the example given above). A variable DLength is initialized
to 1, and a variable Displacement 1s initialized to 0. The
following step 212 comprises checking whether there 1s an
entry at Index(MLength,n). If there is not, this indicates that
there 1s no matching string of length MLength in the current
data file. A step 214 1s then performed to determine whether
MLength 1s greater than 2. If the result of this test 1s true,
MLength 1s decremented by 1 in a step 216 and step 212 1s
repeated. If at any time the test 1f step 212 1s true, or if the
test of step 214 becomes negative, the values of Displace-
ment and DLength are recorded 1n step 220 as the length and
displacement of the largest previous matching string in the
current data file. A displacement of O indicates that no
matches were found.

FIG. 8 does not address the special case where a match 1s
found in the largest available index (index 6 in the example).
In this special case, 1t 1s desirable to chain back through this
index and examine all matches of the corresponding match
length, and select the one having the longest match length
(there might be a match greater than a match size of MAX).

FIG. 9 shows step 204 1n more detail. The steps of FIG.
9 find the largest string 1n a previous data file P that matches
the current string, and are repeated for all previous data files.
A step 240 comprises finding a matching data element in
previous data file P that 1s the last occurrence of the current
data element 1n data file P. This matching data element 1is
referred to as element P(x), where x indicates the absolute
position of the element in data file P. This step 1s performed
by referencing the lookup table associated with data file P.

A step 242 comprises comparing strings begun by the
current data element D(n) and the matching data element
P(x) to determine a tentative match length PLength.
Specifically, this step setting variable PLength to the value
returned by StrCmp(D(n),P(x)) where StrCmp(q,r) is a func-
tfion that returns the matching length of two strings q and r.

Following steps comprise referencing the displacement
index entries for the matching data element P(X) to find any
prior matching string 1n file P having a match length greater
than the tentative match length, and changing the matching
data element to be the beginning data element of any such
prior matching string.

More speciiically, step 244 comprises setting a variable
MLength to MAX, where MAX 1s the highest match length
for which an index 1s provided. Step 246 1s a decision
regarding whether the MLength 1s larger than the tentative
match length PLength. A false result indicates that index
MLength references previous strings that are no larger than
the matching string found at P(x). If this is the case, no
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further searching 1s performed; the largest matching data
string 1n file P is at P(x) and has a length PLength. This result
1s 1ndicated block 248.

If the result of step 246 1s true, a step 250 1s performed of
checking whether there 1s an index entry 1n index MLength
for data element x of data files P. If there 1s no such entry,
step 252 1s performed of decrementing MLength and repeat-
ing step 246. If there is an entry at Index(Mlength,x), this
indicates that there i1s a larger matching string at position
x-Index(MLength,x). Accordingly, x is set equal to this new
position 1n a step 251, whereupon execution continues with
step 242 which computes a new tentative match length based
on the new position 1n file P and which 1s followed by a
further repetition of steps already described.

Again, FIG. 9 1gnores the possibility of a match length
orcater than MAX. To allow for this possibility, it 15 neces-
sary to take special steps when the steps of FIG. 9 yield a
match length of MAX. Specifically, the algorithm should
link back through all the previous matching strings having a
length of MAX, to determine whether any of them have a
match length that 1s actually greater than MAX.

As a possible enhancement, server 12 can be configured
to temporarily update the various displacement indexes as
the process proceeds, to reflect displacements back into
matching strings from previous files. Such displacements
into previous liles are referred to as cross-iile displacements.
Such cross-iile displacements are valid only during com-
pression of a particular subset of files.

Conclusion

By pre-processing data files and storing ancillary data
along with the data files, the i1nvention allows cross-file
compression to be performed more efficiently in situations
where clients are able to request different subsets of avail-
able files.

Although the i1nvention has been described 1 language
specific to structural features and/or methodological steps, 1t
1s to be understood that the invention defined 1n the
appended claims 1s not necessarily limited to the specific
features or steps described. Rather, the specific features and
steps are disclosed as preferred forms of implementing the
claimed 1mvention.

What 1s claimed 1s:

1. A method of pre-processing a data file for later
compression, the data file having a plurality of ordered data
clements, wherein respective data elements begin strings of
different lengths, the method comprising:

creating a plurality of displacement indexes for different
match lengths;

wherein a particular displacement index for a particular
match length indicates displacements from respective
data elements to prior strings of the particular match
length that match strings of the particular match length
begun by the respective data elements;

storing the displacement indexes 1n association with the
data file.

2. A method as recited 1 claim 1, further comprising:

creating a lookup table indicating last occurrences of
different data element values 1n the data file;

storing the lookup table 1n association with the data file.
3. A method as recited i claim 1, further comprising:

creating one or more lookup tables indicating potential
last occurrences of different strings of different lengths
in the data file;

storing the lookup tables 1n association with the individual
data file.
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4. A method as recited 1in claim 1, wherein the displace-
ment indexes include displacement indexes for match
lengths of at least one through four.

5. A method as recited in claim 1, wherein the displace-
ment indexes include no more than ten displacement
indexes.

6. A computer-readable storage medium containing
instructions that are executable to perform the method
recited 1n claim 1.

7. One or more computer-readable storage media, com-
prising:

a data file having a plurality of ordered data elements,

wherein respective data elements begin strings of dit-
ferent lengths;

a plurality of displacement indexes for different match
lengths associated with the data file;

wherein a particular displacement 1index for a particular
match length indicates displacements from respective
data elements to prior strings of the particular match
length that match strings of the particular match length
begun by the respective data elements.

8. One or more computer-readable storage media as
recited 1 claim 7, further comprising a lookup table asso-
ciated with the data file, the lookup table indicating last
occurrences of different data element values 1n the data file.

9. One or more computer-readable storage media as
recited 1n claim 7, further comprising one or more lookup
tables associated with the data file, the lookup tables indi-
cating potential last occurrences of different strings of
different lengths 1n the data file.

10. One or more computer-readable storage media as
recited 1n claim 7, wherein the displacement indexes include
displacement indexes for match lengths of at least one
through four.

11. One or more computer-readable storage media as
recited 1n claim 7, wherein the displacement indexes include
no more than ten displacement indexes associated with an
individual data file.

12. One or more computer-readable storage media, com-
Prising;:

a plurality of data files each having a plurality of ordered

data elements, wherein respective data elements begin
strings of different lengths;

one or more 1ndexes stored 1n association with each data
file, the indexes for a particular data file indicating prior
strings 1n the same data file that match strings begun by
the respective data elements.

13. One or more computer-readable storage media as
recited 1n claim 12, wherein the indexes comprise displace-
ment indexes, wherein a particular displacement index indi-
cates displacements from respective data elements to prior
strings of a particular length that match strings begun by the
respective data elements.

14. One or more computer-readable storage media having
a program that compresses a concatenation of data files each
having a plurality of ordered data elements, wherein respec-
five data elements begin strings, wherein each of the data
files 1s stored with a plurality of displacement indexes for
different match lengths, and wherein a particular displace-
ment 1ndex for a particular match length indicates displace-
ments from respective data elements to prior strings of the
particular match length that match strings of the particular
match length begun by the respective data elements, the
program being configured to perform instructions compris-
Ing:

compressing the concatenation of data files using a

pattern-matching compression scheme that attempts to
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represent given strings by referencing previous match-
ing strings across file boundaries;

for a string begun by a current data element 1n a current

data file:

finding a previous matching string 1n the current data
file by referencing the displacement indexes associ-
ated with the current data file;

searching for a larger matching string in previous data
files by referencing the displacement indexes asso-
ciated with the previous data files.

15. One or more computer-readable storage media as
recited 1n claim 14, further comprising temporarily updating
the one or more displacement indexes with cross-file dis-
placements while compressing a particular subset of data
files.

16. One or more computer-readable storage media as
recited 1n claim 14, wherein the displacement indexes have
entries for imndividual data elements of the associated data
files, and wherein the searching comprises:

finding a matching data element which 1s the last occur-
rence of the current data element 1n a previous data file;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching string in the
previous data file having a match length greater than
the tentative match length and changing the matching
data element to be the beginning data element of any
such prior matching string;

repeating the comparing and referencing.

17. One or more computer-readable storage media as
recited 1n claim 14, wherein the displacement indexes have
entries for individual data elements of the associated data
files, and wherein the searching comprises:

referencing a lookup table to find a matching data string
in the previous data file that matches a string begun by
the current data element, wherein the matching data
string begins with a matching data element;

comparing the strings begun by the current data element
and the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching data string,
in the previous data file having a match length greater
than the tentative match length and changing the
matching data element to be the beginning data element
ol any such prior matching data string;

repeating the comparing and referencing.

18. One or more computer-readable storage media as
recited in claim 14, further comprising temporarily updating
the one or more displacement indexes with cross-file dis-
placements while compressing a particular subset of data
files.

19. A method of compressing a concatenation of data files
cach having a plurality of ordered data elements, wherein
respective data elements begin strings, the method compris-
ng:

for each data file, creating a plurality of displacement

indexes for different match lengths, wherein a particu-
lar displacement index for a particular match length
indicates displacements from respective data elements
to prior strings of the particular match length that match
strings of the particular match length begun by the
respective data elements;
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storing the displacement indexes 1n association with the
imndividual data files;

compressing the concatenation of data {files using a
pattern-matching compression scheme that attempts to
represent given strings by referencing previous match-
Ing strings across flle boundaries;

for a string begun by a current data element 1n a current
data file:
finding a previous matching string 1n the current data
file by referencing the displacement indexes associ-
ated with the current data file;
searching for a larger matching string 1n previous data
files by referencing the displacement indexes asso-
ciated with the previous data files.
20. Amethod as recited 1n claim 19, wherein the displace-
ment indexes have entries for individual data elements of the
associated data files, and wherein the searching comprises:

finding a matching data element which 1s the last occur-
rence of the current data element 1n a previous data file;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching string in the
previous data file having a match length greater than
the tentative match length and changing the matching
data element to be the beginning data element of any
such prior matching string;

repeating the comparing and referencing.

21. Amethod as recited 1n claim 19, wherein the displace-
ment indexes have entries for individual data elements of the
associated data files, and wherein the searching comprises:

referencing a lookup table to find a matching data string,
in a previous data file that matches a string begun by the
current data element, wherein the matching data string
begins with a matching data element;

comparing the strings begun by the current data element
and the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching data string
in the previous data file having a match length greater
than the tentative match length and changing the
matching data element to be the beginning data element
of any such prior matching data string;

repeating the comparing and referencing.

22. A method as recited 1n claim 19, further comprising
temporarily updating the one or more displacement indexes
with cross-file displacements while compressing a particular
subset of data files.

23. Amethod of providing data files to clients 1n response
to requests from such clients, comprising:

storing a plurality of available data files on one or more
data storage media, each data file having a plurality of
ordered data elements, wherein respective data ele-
ments begin strings of different lengths;

storing one or more indexes on said one or more data
storage media, wherein there are indexes corresponding
to each data file indicating prior matching strings 1n that
data file for respective data elements;

providing different subsets of the available data files to
clients 1n response to requests from such clients for
such subsets;

referencing the one or more mdexes associated with the
data files of the requested subsets to compress the
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requested subsets across file boundaries before provid-
ing the subsets to the requesting clients.

24. A method as recited 1in claim 23, wherein the indexes
comprise displacement mdexes, and wherein a particular
displacement index indicates displacements from respective
data elements to prior strings of a particular length that
match strings begun by the respective data elements.

25. A computer-readable storage medium containing
instructions that are executable to perform the method
recited in claim 23.

26. A computer server that provides data files to clients 1n
response to requests from such clients, the computer server
comprising;:

one or more data storage media;

the data storage media containing a plurality of available

data files each having a plurality of ordered data
clements, wherein respective data elements begin
strings of different lengths;

the data storage media further containing one or more
imndexes associated with each data file, the indexes for
a particular data file indicating prior matching strings in
that data file for respective data elements;

the computer server being programmed to provide differ-
ent subsets of the available data files to clients 1n
response to requests from such clients for such subsets;

wherein the computer server references the one or more
indexes associated with the data files of the requested
subsets to compress the requested subsets across file
boundaries before providing the subsets to the request-
ing clients.

27. A computer server as recited in claim 26, wherein the
indexes comprise displacement indexes, and wherein a par-
ticular displacement index indicates displacements from
respective data elements to prior strings of a particular
length that match strings begun by the respective data
clements.

28. A computer server that provides data files to clients 1n
response to requests from such clients, the computer server
comprising:

one or more data storage media;

the data storage media containing a plurality of available

data files each having a plurality of ordered data
clements, wheremn respective data elements begin
strings of different lengths;

the data storage media further containing one or more
displacement indexes associated with each data file for
different match lengths, wherein a particular displace-
ment index for a particular match length indicates
displacements from respective data elements to prior
strings of the particular match length that match strings
of the particular match length begun by the respective
data elements;

the computer server being programmed to provide differ-
ent subsets of the available data files to clients 1n
response to requests from such clients for such subsets,
wherein the computer server sequentially examines
data elements of each subset of data files using a
pattern-matching compression scheme that attempts to
represent given strings by referencing prior matching,
strings across file boundaries;

wherein the computer server finds a prior matching string
for a string begun by a current data element in a current
data file by performing the following;:
finding a previous matching string 1n the current data
file by referencing the displacement indexes associ-
ated with the current data file;




US 6,226,628 Bl

13

scarching for a larger matching string in previous data
files by referencing the displacement indexes asso-
ciated with the previous data files.

29. A computer server as recited 1n claim 28, wherein the
displacement indexes have entries for individual data ele-
ments of the associated data files, and wherein the searching
COMprises:

finding a matching data element which 1s the last occur-
rence of the current data element 1n a previous data file;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching string in the
previous data file having a match length greater than
the tentative match length and changing the matching
data element to be the beginning data element of any
such prior matching string;

repeating the comparing and referencing.

30. A computer server as recited 1n claim 28, wherein the
displacement indexes have entries for individual data ele-
ments of the associated data files, and wherein the searching
COMPrises:

referencing a lookup table to find a matching data string,
1n a previous data file that matches a string begun by the
current data element, wherein the matching data string
begins with a matching data element;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching data string
in the previous data file having a match length greater
than the tentative match length and changing the
matching data element to be the beginning data element
of any such prior matching data string;

repeating the comparing and referencing.
31. Amethod of providing data files to clients 1n response
to requests from such clients, comprising:

storing a plurality of available data files on one or more
data storage media, each data file having a plurality of
ordered data elements, wherein respective data ele-
ments begin strings of different lengths;

storing one or more indexes on said one or more data
storage media for each of the available data files,
wherein a particular displacement index for a particular
match length indicates displacements from respective
data elements to prior strings of the particular match
length that match strings of the particular match length
begun by the respective data elements;

1in response to client requests for subsets of the available
data files, compressing each subset of data files using a
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pattern-matching compression scheme that attempts to
represent given strings by referencing prior matching,
strings across flle boundaries;

performing the following to find a prior matching string

for a string begun by a current data element in a current

data file:

finding a previous matching string 1n the current data
file by referencing the displacement indexes associ-
ated with the current data file;

searching for a larger matching string 1n previous data
files by referencing the displacement indexes asso-
ciated with the previous data files.

32. A method as recited in claim 31, further comprising
temporarily updating the one or more indexes with cross-file
displacements while compressing a particular subset of data
files.

33. Amethod as recited 1n claim 31, wherein the displace-
ment indexes have entries for individual data elements of the
assoclated data files, and wherein the searching comprises:

finding a matching data element which 1s the last occur-
rence of the current data element 1n a previous data file;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching string in the
previous data file having a match length greater than
the tentative match length and changing the matching
data element to be the beginning data element of any
such prior matching string;

repeating the comparing and referencing.

34. A method as recited 1n claim 31, wherein the displace-
ment indexes have entries for individual data elements of the
assoclated data files, and wherein the searching comprises:

referencing a lookup table to find a matching data string
1n a previous data file that matches a string begun by the
current data element, wherein the matching data string
begins with a matching data element;

comparing strings begun by the current data element and
the matching data element to determine a tentative
match length;

referencing the displacement index entries for the match-
ing data element to find any prior matching data string
in the previous data file having a match length greater
than the tentative match length and changing the
matching data element to be the beginning data element
of any such prior matching data string;

repeating the comparing and referencing.

35. A computer-readable storage medium containing
instructions that are executable to perform the method
recited 1n claim 31.
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